• To produce rapid, detailed, continuous hydraulic simulations for sewer flows with long-term durations; • To determine the most likely locations of sediment deposition using a pipe-by-pipe analysis; • To predict approximate depths of sedimentation at locations identified previously so as to rank potentially problematic locations; • To predict sediment concentrations during dry weather and storm events allowing for potential erosion volumes from deposited beds.
The major requirement in urban drainage design is to ensure that sediment would be transported through sewer pipes at the same rate that it approaches the sewer network without any long-term build-up of sediment deposits (May, 2001) . It is important to note that since flow rates and sediment loads in sewer systems can vary considerably with time, it is unrealistic to expect to be able to design a sewer network so that no deposition would occur under various flow conditions. Accordingly, sewers should be designed to transport sediment at a rate sufficient to limit the depth of deposition to a specified proportion of the pipe section to maintain the required hydraulic characteristics of the conduit. According to BertrandKrajewski (2002) , two important issues regarding sewer system design are:
• How to avoid or at least limit deposition in new sewers by means of appropriate rules based on sewer shapes, slopes and flow velocities;
• How to cleanse deposits by means of appropriate flushing and mechanical devices.
In fact, avoiding deposition is not always promising, particularly in flat regions, where the necessary slopes for sewer pipes to be self-cleansing are not available due to the costs of deep excavations and pumping systems (especially in the most upstream parts of the network). Nevertheless, the deposited particles (see Figure 11 .1) may be re-entrained later by means of higher flows in the network. The magnitude of erosion varies in response to the time varying hydraulics. Along with sufficient flow velocity and bottom shear stress, successive occurrence of high flow conditions, which would force deposited particles to unhinge, has a substantial effect on reentrainment of the deposits. In this regard, the shear stress is the key parameter responsible for the start of sediment transport when its critical value for certain sediment characteristics is exceeded.
In addition, given that designing sewer systems to be self-cleansing is not always possible, particularly in flat regions, the use of flush tanks that generate controlled flush waves into the connected sewer system could be suitable. Flushing is able to realize a preventive strategy under economical and ecological conditions by generating flush waves continuously or quasicontinuously (Dettmar & Staufer, 2005) . The operation of the flushing devices is usually based on the storage and successive release of flushing volumes, able to scour deposited sediments and to transport them downstream towards steeper sewer sections (Campisano et al., 2004) . 
Characteristics of the flushing tank
A flushing tank is evaluated in this paper regarding its capabilities for generating the required scouring forces (i.e. shear stresses) throughout sewer pipes, as a result of the flush waves (outflow discharges) released in flushing cycles. The flushing device (provided by Keramo-Steinzeug, Belgium) is comprised of a tank of 1 m high, with a diameter of 1.2 m and a volume of about 450 L, releasing a flushing discharge in between 27 and 19 L/s that lasts for at least 20 seconds. Surface runoff reaches the flushing device by means of a connection on the side wall of the tank. In rainy periods the water level in the tank rises until the water height exceeds a given level. Then the excess flow is bypassed through a pipe toward the exit section, and then by means of a hydraulic process, the stored water flows through the outfall of the device and initiates a flush wave into the connected pipe. The flushing device is illustrated in Figure 11 .2. There is a variation in outflow discharge while the flushing occurs, which is due to the reduction in the initial water level in the tank. Hence, based on Bernoulli's equation, head loss computations and the geometrical characteristics of the flushing device, the outflow from the flushing device (flush wave) is calculated (Bouteligier et al., 2006) as shown in Figure 11 .3. 
Implementing the flushing tank in sewer networks
The idea of using the mentioned type of flushing device is to benefit from its capacity to generate a relatively high volume of inflow into parts of a sewer network in a relatively short period of time. This high volume of flow assists in scouring the settled particles and transporting them towards the downstream parts of the network. In fact, as the generated outflow discharge of each flush is about 20 L/s, the characteristics of the pipes receiving the flushes (pipe diameter and bottom slope) could be important. There would be notable difference in the generated flush characteristics in the connected pipes with various diameters and slopes. Also, pipe length is an important parameter influencing the flush characteristics propagating through the network. If the lengths of the pipes are too long, flushing might not be effective. Therefore, it is important to install flushing devices in proper locations to generate the required shear stresses where the existing situation 1.2 m 1.1 m does not comply with self-cleansing conditions (H.S.M. . The objective of this paper is to assess whether by implementing flushing tanks in a simple network, erosion of the settled particles and their removal from the sewer system could be achieved.
Methodology

InfoWorks CS
Recently, the field of urban drainage design has benefited from the availability of sewer flow quality modeling tools together with hydrodynamic simulation packages. Thus, together with general hydraulic results generated by hydrodynamic modeling, the possibility to properly model the impact of sediment accumulation in sewer systems as well as the amount of sediments and pollutants that are transported into receiving waters or treatment plants has been developed. These lead to an enhanced design and management of urban drainage systems. In this study, an evaluation based on simulations carried out with version 9.0 of InfoWorks CS (Wallingford Software, UK) regarding application of a flushing tank as a tool for eroding deposited sediments from a simple sewer network is presented. The hydrodynamic modeling was comprised of implementing InfoWorks CS to assess the eroding capability of the generated flush waves regarding sediment removal and transport, applying the model based on the shear stress estimation in the software (the KUL model developed by Bouteligier et al., 2002) . This model will be discussed in section 11.1.2.
Sediment transport modeling
Sediment deposit could result in the change in the hydrodynamic behavior of the network due to pipe cross sectional modifications, and could possibly lead to the occurrence of surcharging or even flooding. Reliable modeling requires the effect of sediments on the hydraulic features of the flow to be considered. This indeed demands comprehensive knowledge of the sediment behavior inside the sewer pipes and the related phenomena linked to sediment transport (entrainment, deposition, and re-entrainment). For a proper sediment transport model a precise definition of sediment characteristics (particle size, density, concentration, etc.) in the catchment and in the sewer network is required. Particle characteristics and the prevailing hydraulic conditions are important factors regarding proper estimations of the mode of transport.
It is known that at high enough shear stresses, the re-entrainment of sediment particles starts to occur with small particles that have high rate of mobility compared to the larger and heavier ones (Bouteligier et al., 2006) . Fine silt particles and low-density organic materials can be transported relatively easily by the flow velocities typical of gravity sewers. However, uneconomically steep gradients would be required to achieve this transport mode for the heavier inorganic fractions such as medium/coarse sand and gravel (May, 2001) . The flow characteristics are important regarding the start of the sediment transport phenomenon. For instance the inorganic granular material moving along the bed in sewers, which may be considered as bed-load, will rarely travel in true suspension during dry weather flow (Ashley & Verbanck, 1996) .
As it is acknowledged by many researchers (Ashley et al., 1998 and Skipworth et al., 2001) , sewer sediment deposits are heterogeneous. Even in the same location within a sewer network in-pipe deposits with significantly different characteristics can develop. Therefore, assigning valid sediment characteristics in water quality modeling is a rather uncertain task. Nevertheless, sediment transport modeling cannot be achieved without setting these parameters, and some relevant values need to be specified for sediment characteristics. As an example, the characteristic of typical sewer sediment classes explained by Stovin et al. (2005) is presented in Table 11 .1. Generally, the main objective of sediment transport modeling is to obtain the track of sediment accumulation in a sewer system. InfoWorks CS accomplishes this by offering the water quality simulation module comprised of three different sediment transport models: Ackers-White based on concentration comparison (Ackers, 1991) , Velikanov based on energy dissipation (Zug et al., 1998) , and KUL based on shear stress comparison (Bouteligier et al., 2002) .
For sediment transport modeling in this paper, the KUL model was implemented. According to the KUL model, which is based on Shields concept, if the actual shear stress τ is below the critical shear stress for deposition (τ cr-deposition ), then deposition will occur. If the actual shear stress value τ is in-between the critical shear stress for deposition and the one for erosion (i.e. τ cr-deposition < τ < τ cr-erosion ), then neither erosion nor deposition occurs and all suspended sediments are transported along the conduit. If the actual shear stress τ exceeds the critical shear stress for erosion τ cr-erosion (i.e. τ > τ cr-erosion ) then erosion would occur. The shear stress is calculated as a function of the water head, the hydraulic radius and the (friction) slope of the flow according to Eq. 1. The velocity is assumed to be uniform and is computed according to Eq. 2. The critical shear stresses for deposition and erosion are calculated based on the formula in Eq. 3 and Eq. 4 (Bouteligier et al., 2002) .
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( 1 The median sediment particle size (d 50 ) for InfoWorks modeling in this paper was assumed to be equal to 0.1 mm for sanitary sediment and 0.2-1.5 mm for catchment sediment. This is compatible with the data presented in Table 11 .1. To verify the effect of variations in sewer network characteristics on the evolution of sediment depths throughout the network (sediment transport), various combinations of these characteristics were considered. The various sewer network combinations are presented in Table  11 .2. In the previous table, SF1 accounts for the catchment sediment and SF2 corresponds to sanitary sediment.
Model set-up
Conduit model
Initially, a simple network model was created in InfoWorks CS to produce the required hydrodynamic simulations. The sewer network consisted of a series of straight and sequentially connected pipes. The pipes diameters were 400 mm and each had a length of 10 m, comprising an overall length of 50 m. To study the influence of the network characteristics on the flush wave propagation in the sewer stretch, the model was run for various combinations of pipe slopes, median sediment particle size (d 50 ), and sediment concentration (see Table 11 .2). The conduit model is illustrated in Figure  11 .4.
Regarding the dry weather sediment build-up modeling, it was important to reach an equilibrium condition before any implementation of flushing tanks would be considered. The DWF was considered to be equal to 0.003 m 3 /s. This value was introduced at certain manholes in the model. The timestep was 1 s, and a total duration of 5 days of sedimentation (DWF period) was considered.
After the initial period of sediment build-up, the effect of flushing waves emitted from the implemented flushing tanks was modeled. Initially, the effect of flush waves released from one flushing tank implemented at the most upstream manhole on sediment removal was analyzed. Various flushing events were assumed (i.e. 1 flush, 7 flushes with 5 min intervals, 10 flushes with 10 min intervals, and 20 flushes with 3 min intervals). After the flushing events occurred in the network, their effects on sediment transport were assessed. Whenever the upstream flushing tank was found incapable of generating required criterion for sediment erosion and transport through the network, more flush tanks were proposed to be applied in downstream manholes. Next, having implemented more flushing tanks in potentially effective locations, the results for sediment erosion and transport in the network was analyzed and the positive and negative outcomes of such applications were assessed. As already mentioned, the KUL model was utilized for the sediment transport modeling (see 11.1.2). In order to model deposition and erosion as two distinct criteria regarding in-sewer sediment behavior, it was necessary to specify the required boundaries in the modeling procedure. The boundaries between settlement of particles and their erosion (re-entrainment)
were defined by means of γ parameters in the KUL model, which are principally the Shields dimensionless shear stress parameter (see equations 3 and 4).
In order to obtain the dimensionless shear stresses (Shields parameters) regarding the deposition boundary conditions (γ deposition ), the particle Reynolds number for each sediment particle size (within the range of 0.1-1.5mm) and for each of the considered slopes was calculated and then the Shields parameter was detained from the Shields graph (see Figure 11 .5 and Table 11 .3). Then, for the dimensionless shear stresses for the erosion boundary conditions, the corresponding values of γ deposition were modified in a way to create the required domain for sediment transport in between deposition and erosion. The results are illustrated in Figure 11 .6. Figure 11 .6 The dimensionless shear stress boundary conditions for deposition (left) and erosion (right) from the Shields diagram based on the prevailing hydraulic conditions.
Network model
In the second phase, a few more branch pipes were added to the initial network and the same analyses were repeated to evaluate the overall effects of added parts on sediment build-up and transport. Again, in the performed sediment transport modeling, the effect of implementing numerous flush tanks in various parts of the network over sediment bed modifications (sediment entrainment, transport, and re-deposition) and changes in bed profiles was evaluated. The final objective was to evaluate whether by implementing flushing tanks in such a network, erosion of the settled particles and removing them out of the system could be reached. As done for the conduit model, for verifying the effect of variations in sewer network characteristics on the evolution of sediment depths throughout the network (sediment build-up and transport), various combinations of these characteristics were considered for the mentioned network, and then proper comparisons were accomplished. Thus, diverse combinations of pipe slope, sediment characteristics, and DWF in the network was considered (see Table  11 .2). The network model is illustrated in Figure 11 .7. In fact, the modeling concepts and the aims were the same as the case of the conduit model, but in a broader scale. Figure 11 .7 The network model for pipes with identical diameters (400mm) and various invert slopes.
Results and Discussion
Sediment build-up along the conduit during DWF period
The main objective in this study was to model the evolution of sedimentation and erosion in a simple sewer network. In order to reach to a proper conclusion, it was important to see the sediment build-up along sewers in a way to comply with physical measures. For such a purpose, a constant DWF equal to 0.003 m 3 /s within a 5-day period was assumed in order to leave enough time for the inflowing particles from the catchment to settle on sewer inverts before any simulation of the effects of flushes would be done. In fact, the effect of flushes could not be assessed if the initial conditions were not modeled properly. Therefore, the modeling attempts were managed in a way to reach the sediment build-up all over the considered network, i.e. to reach an equilibrium condition for the sediment layer along sewer inverts.
The problem to deal with was the fact that sediment build-up and entrainment was very sensitive to the prevailing hydraulic features of the network. In fact, various network characteristics would lead to diverse sediment build-up scenarios. Therefore, to reach to an equilibrium condition for sediment build-up, it was important to change the sediment and flow characteristics in different networks with dissimilar pipe slopes. In other words, due to the large effect of invert slopes on the possibility of forming deposits on the sewer invert levels, only for certain pipe configurations the particle settlement was reached. Another important issue was the fact that moving from the upstream toward the downstream part of the network, the amount of flow would increase due to the existence of manholes which would provide excessive flow into the network. This in turn would affect the sedimentation in downstream pipes and as a result less sediment would settle in those pipes in the network. In fact, the sedimentation was noticed only in cases where the actual shear stresses at bed were below the critical shear stresses for deposition (based on the Shields diagram). For the mentioned model, the sedimentation occurred only in the following cases (the dashed lines) as indicated in Table 11 .4. Some results of sediment build-up for pipes with various slopes can be observed in the following figures (Figure 11 .8 through 11.10). By observing the results, the effect of various particle sizes and invert slopes can be clearly noticed. In fact, the previous figures show that any increase in the invert slope would result in lower deposition rate along the conduit, and illustrate the fact that the erosion of the settled particles would be eased especially in downstream parts of the sewer length. Besides, larger particles would form higher sediment bed depths along the pipes inverts.
Sediment erosion by means of flushes in the conduit model
After the DWF sediment build-up period was over, it was time to assess the effect of flushing waves on sediment removal. In general, to properly evaluate the effect of flush waves on sediment erosion, it was important to observe the evolution of the sediment massflow and concentration throughout the network, and to compare the changes in hydraulic characteristics such as flow velocity, discharge, sediment concentration and flux, etc.
It is expected that at the moment the flush wave passes along the pipes, the sediment depth would be reduced (due to re-entrainment of deposited particles by the flush wave) and the suspended sediment concentration would be increased. Later, when the peak of the flush wave diminishes from its maximum, sedimentation starts to occur due to the reduction in the energy of the wave. In other words, the reduction in the carrying capacity of the flow, which coincides with the decrease in flow velocity, would lead to the decline in the sediment concentration and simultaneously to the development of sediment deposit layer.
For the required evaluations, various types of flushing events were assumed and their effects were compared (i.e. 1 flush, 7 flushes with 5 min intervals, 10 flushes with 10 min intervals, and 20 flushes with 3 min intervals). The comparisons are depicted in Figure 11 .11(a) through 11.13. These figures show that the rate of sediment erosion depends mainly on the invert slope of the sewers and also on the median size of the drifting sediment (d 50 ). It was noticed that the ability of flushing waves to entrain and transport sediment particle was in direct relation with the invert slope of the sewer pipes. In fact, the aggravated shear stresses due to the flushes seemed to be unable to overcome the influence of lack of enough slopes in flat pipes and could not act much on sediment removal. In pipes with higher slopes (e.g. 0.003 m/m or higher) the effects of flushes were clearly noticed and sediments were transported in an appropriate rate. In fact, weak flushing effects occurred in the network with relatively low pipe slopes (less than 0.002 m/m) and comparatively large sediment particles (d 50 larger than 1 mm) (see Figure 11 .12), while strong erosion occurred in the case of higher slopes (0.002 m/m and higher) and finer sediments (d 50 of 0.9 mm and finer) (see Figure 11 .13). 
Sediment build-up in DWF period in network
The results for sediment build-up during DWF for the network model were also obtained and they were compatible with the ones for the conduit model. Therefore, the model could generate the sediment build-up along sewers in the network model in an acceptable way. The results corresponding to one certain network configuration is presented in Figure 11 .14. 
Sediment erosion by means of flushes in network
The same as the conduit model, flushing events were modeled for the network model and the results were compared. The results showed that the model could generate the sediment erosion along sewers by means of flushing events in the network model in an acceptable way. One situation is presented in Figure 11 .15. 
Conclusions
It was discovered that modeling the DWF sediment build-up accurately was a preceding requirement in assessing the implementation of flushing tanks in sewer networks, because if the former part was not fulfilled properly, the latter one dealing with the erosion of the same settled particles cannot be accomplished in a reasonable way. In fact, sediment deposition modeling was a very sensitive task and required considered choice of the model parameters with physical basis. For instance, it was realized that the propensity for sediment deposition was different depending upon the location of a sewer in the network (i.e. the relative type of flow input) and the physical characteristics of the conduit especially its gradient. Regarding the flushing tank implementations, various parameters such as network and sediment characteristics and flushing intervals were important in assessing whether the flushing tank was efficient in removing and transporting sediments in the considered sewer network. This study revealed that the type of sediment and main characteristics such as particle size and density, needed to be carefully considered in sediment transport modeling in order to obtain appropriate results.
In addition, frequent flushing had obvious effects on sediment erosion and transport in pipes; the higher the frequency of subsequent flushes, the less the chance for sediments to settle down in pipes. In fact, the subsequent flushes would intensify the hydraulic effects of the previous ones in removal and transport of the sediment through sewer pipes. Dettmar et al. (2002) mentioned that many small flow waves were able to move non-compact deposits and to work against new deposits, while big flow waves were able to loosen compact sediments. Moreover, the first flushes produce minor transport of deposited particles (but a more evident lowering) while for the successive flushes, the scoured section length increases more rapidly (Campisano et al., 2004) .
By obtaining the simulation results and evaluating them, the compatibility of what was modeled with what would be expected was observed. The results showed that the model was moderately able to simulate the sedimentation of particles and their erosion by means of the flushes emitted from implemented flushing tanks. Also, the effect of various particle sizes and the pipe invert slopes on the processes of deposition and erosion has been modeled in a satisfactory way.
The effect of flush tank implementations on the modification of initial sediment beds and on sediment transport was noticeable. However, the effect of the flushing waves was restricted to a rather limited distance downstream of the flush tank due to effect of headlosses on the flow characteristics, i.e. gradual reductions in carrying capacity of the flush wave. Nonetheless, in an overall perspective, the capability of such flushing tanks to produce effective forces for removal of the settled particles in sewer pipes is well accepted.
